It has long been noted that late onset diabetes is common in the parents and siblings of individuals who develop diabetes before the age of 30 [1] . In keeping with this, later studies have shown an apparent overlap between Type I and Type II diabetes in these families [2±7]. Type II diabetes has been observed more often in relatives of individuals with Type I diabetes than in control groups [3, 4] , and siblings of children with Type I diabetes are more likely to be affected if a parent has Type II diabetes [5, 6 ]. An overlap between Type I and Type II diabetes was also suggested by a study of probands with Type II diabetes in which those with a family history of Type I diabetes showed a phenotype more characteristic of Type I diabetes [7] . These observations indicate a genetic link between Type I and Type II diabetes but the method of phenotyping used in previous studies requires further consideration.
autoimmune diabetes should no longer be considered synonymous with a need for insulin therapy, and can present at any age. Helpful though the new classification is, it is not always easy to apply to individuals. There are no specific tests for Type II diabetes, which remains largely a diagnosis of exclusion, while tests for markers of autoimmune diabetes are not widely available and can give equivocal results [12] . Most clinicians therefore still rely on the traditional indications of age, adiposity and perceived need for insulin, and these remain the basis for much of the literature.
Our aim was to carry out a systematic analysis of all parents with a diagnosis of diabetes in a large family study and to test the hypothesis that there is no excess of Type II diabetes in the parents of children with Type I diabetes.
Subjects and methods
The Bart's Oxford (BOX) study of childhood diabetes is a prospective population-based family study, which has recruited 88 % of the families of children who have developed Type I diabetes under the age of 21 in the former Oxford Regional Health Authority Area since 1985 [13] . By the end of December 2000, 1641 families had been recruited into this study with regular follow up on 79 % of these. At study entry, after consent was obtained, a detailed family history of diabetes was taken and blood collected for autoantibody assessment and genotyping. Mouth swabs were used for genetic analysis if an individual did not wish to give blood. The families were contacted annually to obtain information about any new cases of diabetes in first-degree relatives. The study has been approved by the Local Research Ethics Committees in the Oxford region.
At the time of analysis 3175 parents, 1612 mothers and 1563 fathers had been recruited (Fig. 1) . Median age was 45.3 years (range 21.3±93.9). Eleven of these were excluded from analysis because it was not known whether they had diabetes. Of the remainder, 192 had a diagnosis of diabetes. Those presenting under the age of 15 were assumed to have classic Type I diabetes with an immediate requirement for insulin. Those diagnosed over this age were contacted for more detailed information about clinical presentation, confirmation of age at diagnosis and time to insulin treatment. Five mothers with a history of gestational diabetes that had not recurred following pregnancy were excluded, together with three other parents who were lost to follow up. The remaining 184 parents are described in this report. Classification was based on current treatment, time from diagnosis to insulin treatment, presence of islet autoantibodies, and age at diagnosis. Islet cell antibodies (ICA) and antibodies to glutamic acid decarboxylase (GAD) and the protein tyrosine phosphatase IA-2 were assessed on the first available serum sample; no sample was available on 32 parents. HLA typing for DRB1, DQA1 and DQB1 alleles was additionally carried out on 116 parents.
Assays. ICA were measured in sera by indirect immunofluorescence [14] . End point titres were converted to Juvenile Diabetes Foundation (JDF) units by comparison with a standard curve of log 2 JDF units versus log 2 of the end point titre of the standard sera. The threshold of ICA detection was five JDF units. GAD and IA-2 autoantibodies were measured by radioimmunoassay [14] , and considered positive if ≥ 97.5 th centile of a control population of schoolchildren. The GAD antibody assay achieved 91 % sensitivity with 99 % specificity, and the IA-2 antibody assay reached 74 % sensitivity with 99 % specificity in the first Immunology of Diabetes Society (IDS) combined antibody workshop [15] .
HLA genotyping was carried out on DNA from blood or mouthswab samples. Details of DNA extraction methods and HLA class II analysis have been published [16] . Briefly, mouth swab extractions were carried out using a guanidium chloride/ phenol:chloroform method. DNA was extracted from blood using a salting out method [17] . DNA quantitation was achieved using OD 260 readings for blood DNA and picoGreen analysis for mouth swab DNA. Low yield DNA samples from mouth swabs underwent whole genome amplification by primer extension pre-amplification. HLA analysis was carried out by polymerase chain reaction using sequence specific primers [18] . PCR products were separated on 2 % agarose containing 0.002 % ethidium bromide and visualised on a dual-intensity gel documentation system. (Ultra Violet Products, Cambridge, UK). HLA typing for DRB1*01±10, for DQA1*0201, 0301, 0302 and 0501, and for subtypes of DQB1*02±06 was done. Extended HLA genotypes were constructed. Individuals who did not have the high risk haplotypes DRB1*03-DQA1*0501-DQB1*0201 or DRB1*04-DQA1*0301-DQB1*0302 or the protective haplotype DRB1*02-DQB1*0602 were reported as DRX.
Statistical analysis. The cumulative risk of diabetes was estimated by life table analysis using the Statistics Package for Social Sciences (SPSS, Chicago, Ill., USA). The follow up period for each parent was calculated from date of birth to date of diagnosis of diabetes, or to date of last contact or death in those parents without diabetes. Risk of diabetes was then calculated from these data in yearly age bands up to age 60. The cumulative risk figures were then analysed by assigned diabetes type and by gender.
Diabetes was classified according to the criteria shown in Figure 2 . Parents who had started insulin treatment within 6 months of diagnosis, or who had antibodies associated with autoimmune diabetes, or were permanently insulin treated and below the age of 30 at diagnosis were classified as having Type I diabetes. Parents were classified as having Type II diabetes if they were antibody negative and diet or tablet treated or if they were insulin treated and antibody negative in samples taken within 6 months of diagnosis.
Results
The analysis was performed in 184 parents with diabetes. Because both parents had diabetes in seven families, 177 of 1641 families (10.8 %) had at least one affected parent. Using life table analysis the estimated cumulative risk of parents developing diabetes by the age of 60 was 9.7 % (95 %-CI 7.6±11.8); 11.5 % (8.9±14.2) for fathers and 7.7 % (3.9±11.5) for mothers.
The characteristics of parents with diabetes are shown in Table 1 . There was an overall male-to-female ratio of 1.9:1, 75 % of parents were insulin treated, 59 % had one or more islet antibody at the time of sampling and 20 % had the highest risk HLA genotype DRB1*03-DQA1*0501-DQB1*0201 / DRB1*04-DQA1*0301-DQB1*0302. This genotype was found in 19 % of fathers and 21 % of mothers. Of the 116 parents tested 4 % had the protective HLA haplotype DRB1*02-DQB1*0602.
Simple classification based on treatment with insulin within 6 months of diagnosis would have given a classification of Type I diabetes in 98 parents (3.1 % of the total) with an estimated cumulative risk by age 60 of 3.4 % (95 %-CI 2.7±4.1), and of Type II diabetes in 65 parents (2.1 % of the total), with an estimated cumulative risk by age 60 of 5.8 % (95 %-CI 3.8±7.8). In contrast, using the criteria shown in Figure 2, 141 parents (4.5 % of the total) were classified as having Type I diabetes with an estimated cumulative risk by age 60 of 5.7 % (95 %-CI 4.5±7.0), and 31 parents (0.98 % of the total) as having Type II diabetes, with an estimated cumulative risk by age 60 of 2.8 % (95 %-CI 1.5±4.0). On this basis, 8.6 % of probands have a parent with Type I diabetes and 1.9 % have a parent with Type II diabetes. BMI was available on 21 parents with Type II diabetes, 16 of whom were overweight (BMI > 25). Characteristics of each group are shown in Table 2 .
We were not able to classify ten fathers and two mothers. These included three who were insulintreated but antibody negative when tested 2.2, 8 and 13 years after diagnosis. These were diagnosed at 38, 41 and 50 years of age and started insulin respectively 4 years, 8 years and at an unknown period after diagnosis. HLA type was determined in two, one of whom was heterozygous for DRB1*04-DQA1*0301-DQB1*0302. The antibody status of the remaining nine parents was not known. Of these, five remained on diet or tablets after 2 years of diabetes, two had been converted to insulin more than 2 years after diagnosis, one of whom was homozygous for DRB1*03-DQA1*0501-DQB1*0201 and in two, time to insulin treatment was not known.
Discussion
Although the principles used for classification of Type I diabetes are widely agreed, there is no generally accepted procedure for applying them to a cohort such as ours. We therefore adopted a hierarchical approach (Fig. 2) . The most robust criterion was assumed to be an early and permanent need for insulin, and individuals who started this treatment within 6 months of diagnosis were therefore assigned a classification of Type I diabetes. The remainder were then assessed according to autoantibody status, and those with one or more islet autoantibodies were added to the Type I category. Age at diagnosis was considered next, and those diagnosed under 30 years of age with a permanent need for insulin were also assigned to the Type I category. HLA Class II type was not used as a criterion for classification because HLA susceptibility alleles will inevitably be over-represented in the parents of children with diabetes.
Insulin is normally started at diagnosis in children with diabetes, but this is not necessarily the case when autoimmune diabetes presents in older age groups in association with sub-acute insulin deficiency. Autoantibodies are considered a reliable indicator of an autoimmune disease process directed against islet tissue, and ICA have been reported in up to 90 % of patients with classic Type I diabetes, while antibodies to GAD are found in 85 % and to IA-2 in 75 % [14, 19±21] . Older patients are more likely to have ICA or GAD antibodies alone or in combination [20] . Antibodies tend to decrease over time [22] especially in those who develop the disease early in life [23] , but GAD antibodies can persist for many years after diagnosis [24] . Adults with clinical features of Type II diabetes who have ICA or antibodies to GAD or both share the phenotype of classical Type I diabetes, in that they are non-obese with high HbA 1 c concentrations and decreased beta-cell function [25] , and are more likely to go on to insulin therapy [25±27]. We used the presence of one or more autoantibodies as the basis for diagnosis of autoimmune diabetes in parents who were not insulin treated or did not start insulin within 6 months of diagnosis. Conversely, absence of antibodies in such individuals was taken to indicate Type II diabetes.
In some parents, age at diagnosis was known but information as to the time to insulin treatment or antibody status was lacking. To these, we applied our third and least robust criterion, which was permanent insulin treatment following diagnosis under 30 years of age. This added a further seven individuals to the Type I category (Fig. 2) . A Danish study has shown a strong association between diagnosis below 30 years of age and permanent insulin treatment, and follow up of their group revealed negligible insulin secretion in all but one of 577 individuals [28] . Diagnosis under 30 years of age with a requirement for insulin is still strong presumptive evidence of Type I diabetes in European populations, although the number of cases of Type II diabetes in this age group seems set to increase [29] .
Those who could not be classified included three parents treated with insulin after 6 months who were antibody negative in samples taken more than 2 years after diagnosis. There was no way of knowing whether antibodies would have been present at diagnosis. In contrast, two other parents were antibody negative within 6 months of diagnosis and were classed as having Type II diabetes, although they subsequently required insulin.
A classification of Type I diabetes could therefore be assigned to 141 parents. A number of other characteristics reinforced this, including male predominance, which is characteristic of Type I diabetes in young adult life [30] , and which would also be expected in this cohort because affected fathers are more likely than affected mothers to transmit diabetes to their offspring. The increased frequency of HLA DRB1*03-DQA1*0501-DQB1*0201 / DRB1*04- DQA1*0301-DQB1*0302, the strongest susceptibility genotype for Type I diabetes [31] , also supports the classification (Table 2) . Although Type II diabetes was largely a diagnosis of exclusion, most of the individuals in this category were also overweight. As noted earlier, previous studies have generally classified familial diabetes according to treatment. On the basis of early insulin therapy alone, 98 of our parents (3.1 %) would be said to have Type I diabetes and 65 (2.1 %) would be said to have Type II diabetes, and our report would thus be consistent with the previous literature. We have now shown that more detailed phenotyping raises the estimated prevalence of Type I diabetes to 4.5 %, and reduces that of Type II diabetes to 0.98 %. Is there then an excess of Type II diabetes in our cohort? There is no simple answer to this because estimates of the population prevalence of Type II diabetes in the UK population [32±34] are based on classification by treatment. It could, however, be noted that the cumulative risk of Type I diabetes by age 60 within our cohort is 5.7 %, some 10 times higher than that of the background population, whereas the cumulative risk of Type II diabetes by 60 years of age is 2.8 %. A study in a predominantly Caucasian population from London found a prevalence of known diabetes of 4.7 % for men and 3.6 % for women between 55 and 59 years of age [35] and a recent study from Poole, a town in the South of England with an ethnic mix comparable to that of the Oxford region, found values of 2.2 % for men and 1.8 % for women between 50 and 59 years of age and 5.4 % and 3.7 % respectively for the age group 60±69 years; the proportion of patients with Type I diabetes (defined as an early requirement for insulin) in these age groups is not stated, but was 18 % for all ages [32] . Although precise comparison is not possible, the 2.8 % cumulative risk of Type II diabetes by 60 years of age within our intensively studied family members thus falls within the range of recent estimates from comparable populations in the UK.
A systematic classification procedure supported the hypothesis that Type II diabetes was not over-represented in this large family study. Previous studies therefore need to be interpreted in the light of the classification used. One study reported 28 families with a Type II parent and one or more Type I children but the classification appears to have been based on treatment alone [2] . Genetic analysis in 11 of these families showed that in nine cases the affected parent had transmitted the HLA-DR4 allele to the child with diabetes, an observation that would be easy to explain if the affected parent had a form of autoimmune diabetes. A study based on the Swedish childhood diabetes registry reported that 8.5 % of affected children had a parent with Type I diabetes and 1.7 % had a parent with Type II diabetes [4] . Here again the assignment of type of diabetes was based on treatment alone, and the observation that non-insulintreated diabetes in the parent increased the risk of insulin-treated diabetes in the offspring could be explained on the basis of misclassification. Other studies reporting that non-insulin treated diabetes in the parent is a risk factor in the child could be interpreted on the same basis [3, 5] , as could the Pittsburgh Study, which reported an equal rate of insulintreated and non-insulin-treated diabetes in parents of children with diabetes [6] . In contrast, the rate of adult onset diabetes in the grandparents of children with ketosis-prone insulin-dependent diabetes has been reported to be the same as in grandparents of control children [36] .
Finally, the interpretation proposed here is consistent with observations made in a population-based family study of Type II diabetes. One study reported on 1599 patients with a diagnosis of Type II diabetes [7] . Of these, 148 had no family history of diabetes, 1211 had a family history of Type II diabetes and 240 had a family history of both Type I and Type II diabetes. Those with a mixed family history differed in phenotype from the remainder. There was an increased frequency of GAD antibodies and of HLA-DQB1 alleles associated with Type I diabetes, a higher rate of progression to insulin treatment and less hypertension and cardiovascular disease. The difference in phenotype could not be explained simply on the basis of latent autoimmune diabetes because the same findings emerged from subanalysis of the GAD antibody-negative patients. These families therefore seem to be aetiologically distinct from the remainder, and despite the limitations of current means of classification would fit more readily within the spectrum of autoimmune diabetes.
The distinction in aetiology between the two main forms of idiopathic diabetes was one of the great achievements of diabetes research in the twentieth century [37] , but the ability of current tests to distinguish the two forms of diabetes is limited. It is, however, clear that autoimmune diabetes is not just, or even predominantly, a disease of childhood and can present at any age. One study has suggested that the lifetime risk of Type I diabetes in the Danish population could be as high as 1.6 % [38]. Furthermore, sub-acute presentation is common in later life, and an early requirement for insulin is not a reliable marker of the condition. Careful dissection of phenotype coupled with family studies should form the most reliable basis for laboratory studies into the causation of both forms of diabetes. Our observation suggests that there is no aetiological overlap between the conditions, and reinforces the concept of genetic heterogeneity [39] .
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